J Neurosurg (Suppl) 129:55-62, 2018 P ituitary adenomas and the treatment required for the underlying neuropathology have frequently been associated with cognitive dysfunction. However, the nature of and the mechanisms for these impairments remain the subject of much debate. Surgery and ionizing radiation using either conventional radiotherapy or radiosurgery such as Gamma Knife radiosurgery (GKRS) are the treatments of choice for pituitary adenomas. The administration of GKRS in the post-resection period is highly effective in achieving tumor control of nonfunctioning adenomas (NFAs). 5, 7, 23 However, pituitary adenoma treatments are not without ABBREVIATIONS ACTH = adrenocorticotropic hormone; AMI = Auditory Memory Index; D-KEFS = Delis-Kaplan Executive Function System; DMI = Delayed Memory Index; FSIQ = Full Scale Intelligence Quotient; GH = growth hormone; GKRS = Gamma Knife radiosurgery; IMI = Immediate Memory Index; NFA = nonfunctioning adenoma; SHBG = sex hormone-binding globulin; T4 = thyroxine; TSH = thyroid-stimulating hormone; VMI = Visual Memory Index; VWMI = Visual Working Memory Index; WAIS-IV = Wechsler Adult Intelligence Scale-Fourth Edition; WMS-IV = Wechsler Memory Scale-Fourth Edition. OBJECTIVE Pituitary adenomas and the treatment required for the underlying neuropathology have frequently been associated with cognitive dysfunction. However, the mechanisms for these impairments remain the subject of much debate. The authors evaluated cognitive outcomes in patients treated with or without Gamma Knife radiosurgery (GKRS) for an underlying pituitary adenoma. METHODS This was a retrospective, institutional review board-approved, single-institution study. A total of 51 patients (23 male, 28 female) treated for pituitary adenoma were included in this neurocognitive study. Twenty-one patients underwent GKRS following transsphenoidal surgery, 22 patients were treated with transsphenoidal surgery alone, and eight patients were conservatively managed or were treated with medical management alone. Comparisons using psychometric tests of general intellectual abilities, memory, and executive functions were made between the treatment groups, between male and female patients, and between patients with Cushing's disease and those with nonfunctioning adenoma (NFA). RESULTS The entire patient sample, the NFA group, and the GKRS group scored significantly below expected on measures of both immediate and delayed memory, particularly for visually presented information (p ≤ 0.05); however, there were no significant differences between the patients with Cushing's disease and those with NFA (t ≤ 0.56, p ≥ 0.52). In those who underwent GKRS, memory scores were not significantly different from those in the patients who did not undergo GKRS (t ≤ 1.32, p ≥ 0.19). Male patients across the sample were more likely to demonstrate impairments in both immediate memory (t = -3.41, p = 0.003) and delayed memory (t = -3.80, p = 0.001) than were female patients (t ≤ 1.09, p ≥ 0.29). There were no impairments on measures of general intellectual functioning or executive functions in any patient group. The potential contributions of tumor size and hormone levels are discussed. CONCLUSIONS Overall, pituitary adenoma patients demonstrated relative impairment in anterograde memory. However, GKRS did not lead to adverse effects for immediate or delayed memory in pituitary adenoma patients. Cognitive assessment of pituitary adenoma patients is important in their longitudinal care.
complications. Patients treated for pituitary adenoma have reported memory impairments, 19, 38 and several studies have found deficits in various domains of memory and executive function. In a recent systematic review, Alsumali et al. 1 compared nine studies of cognition following transsphenoidal surgery for pituitary tumors. Six of the eight cross-sectional studies found postoperative impairments in verbal and nonverbal memory; however, two studies found no decline or even improvement in memory postsurgery. There was even greater variance between the studies in other assessed areas of cognition, with half of the studies showing postoperative impairment in attention or executive functioning, while the other half did not. Overall, Alsumali et al. found that negative changes in verbal memory were the most consistent findings postsurgery. In contrast, other studies have consistently found that general intellectual functioning is unaffected. 15, 26, 33, 34 Most studies examining the cognitive effects of radiotherapy are based on conventional three-field radiotherapy, although more recent studies of cognition following GKRS have begun to emerge. Many studies of conventional radiotherapy have found no differences between patients treated with and those treated without irradiation, 8, 14, 15, 26 although some differences have occasionally been found on measures of executive ability 24 and memory. 18 Several reasons for these differences have been noted, but again these are inconsistently noted. One study found that younger patients had better outcomes than older patients after pituitary surgery, 22 while others have not reported a difference. 8, 9, 24, 26, 27, 34, 35 Another study found that presurgery tumor size is negatively correlated with postsurgery outcome, 28 whereas other studies have not. 16, 35 Finally, Tooze 33 found a sex difference, with men performing significantly worse than women on tests of immediate memory across a cohort of patients treated for NFA, regardless of treatment group. Interestingly, a previous study 14 added patient sex as a covariate in its analyses, suggesting a difference between men and women in their sample, although this was not independently reported. Other studies have not reported whether they found a sex difference. 24, 26, 27, 34, 35 Studies on the cognitive effects of GKRS have started to appear. A preliminary pilot study of the effects of GKRS on cognition found that while patients treated for pituitary adenoma demonstrated memory impairment, there were no cognitive differences between those treated with and those treated without GKRS. 34 A longitudinal study screened six different areas of cognition and functioning before stereotactic irradiation and for an average of 24 months thereafter. 9 While there was evidence of some deterioration for individual patients, the patient group as a whole did not show evidence of cognitive deterioration following irradiation and even showed improvement on a measure of executive function. While these initial studies are promising, the first was a pilot study conducted on a small sample of 14 patients 34 and the second study used only one computer-based test of each cognitive function, which would be considered more of a cognitive screen than a full analysis of these cognitive abilities. 6 In the current study we aim to expand on our preliminary pilot study and deliver the first full-powered crosssectional comparison of the cognitive abilities of patients treated with or without GKRS for pituitary adenoma, using the current gold-standard psychometrics. In this study we use a measure of relative impairment (i.e., the predictive discrepancy) in assessments of memory, which does not show bias if a person's general intellectual abilities deviate from those of their age-matched peers. This should allow the most sensitive comparisons of these treatment groups. Our null hypothesis is that there will be no difference between treatment groups or patient groups on cognitive measures, and our alternative hypothesis is that patients treated with GKRS will have poorer outcomes on cognitive measures than those treated without the use of GKRS. Furthermore, our alternative hypothesis is that patients treated for NFA will perform better on tests of cognition than patients with hormone-producing pituitary tumors.
Methods
This is a retrospective cross-sectional comparison of patients treated for pituitary adenoma using measures of general intellectual ability, memory, and executive functioning. The study was approved by the University of Virginia institutional review board. Patients had been seen in the neuro-endocrine and neurosurgery clinics at the University of Virginia Medical Center. During the period of 2014 to 2016, 14 patients were treated for Cushing's disease, 7 for acromegaly, 4 for medically refractory prolactinoma, and 26 for NFAs. Eight patients in the non-GKRS group were conservatively managed (i.e., 6 patients with NFA had no radiosurgical, radiation, medical, or resective treatment) or were treated with medication alone (2 patients with prolactinoma). All other patients underwent surgery. All patients were diagnosed with a pituitary adenoma after the age of 18 years. Patients were treated with resection or radiosurgery a minimum of 6 months before testing. Patients were excluded from the study if they had a history of stroke, known neurological impairment, or diabetes mellitus or were pregnant or breastfeeding.
The radiosurgical technique utilized at our institution has been previously described. 34 During the study period, patients were treated with GKRS in a single fraction. Multi-isocenter dose plans were used. Patients with NFAs received a mean margin dose of 17 Gy, and those with functioning adenomas such as Cushing's disease received a mean margin dose of 25 Gy. In patients with NFAs and functioning adenomas, the ipsilateral maximal doses to the hippocampus were approximately 4-11 Gy and 8-14 Gy, respectively. In a study by our group in which we looked at the radiation dose to the anterior temporal lobe structures of radiosurgically treated patients, the mean dose and 50% volume dose to the anterior temporal lobe structures were 2.6 Gy and 0.6 Gy, respectively. 3 To evaluate preoperative endocrine function, patients underwent testing of 24-hour urine free cortisol (UFC) for Cushing's disease, free thyroxine (T4), thyroid-stimulating hormone (TSH), prolactin, follicle-stimulating hormone, luteinizing hormone, growth hormone (GH), insulin-like growth factor (IGF)-1, serum cortisol, adrenocorticotropic hormone (ACTH), testosterone in men, estradiol and menstrual history in women, and a basic metabolic panel. For postintervention endocrine follow-up, patients had endocrine testing specific to their functioning adenoma type to assess response to treatment typically at 6-month intervals for the 1st year and yearly thereafter. At the discretion of the treating endocrinologist and if clinically indicated, additional laboratory testing was performed. Adrenocorticotropic hormone deficiency was defined as a subnormal serum cortisol level with concomitant low ACTH levels. Serum cortisol levels were corrected to the reference range based on the timing of the testing. A TSH deficiency was defined as low free T4 levels with normal or decreased TSH. Gonadotropin deficiency was defined as low plasma testosterone with nonelevated gonadotropin levels in men, low plasma estradiol with low or normal gonadotropins in premenopausal women, or a lack of increased gonadotropins in postmenopausal women. A GH deficiency was defined as a low response of GH to insulin tolerance test (peak GH < 5 ng/ml). If the endocrine testing was performed at an outside laboratory, we relied on the normal reference ranges provided from the testing laboratory to determine the presence of a pituitary deficiency for each particular hormone tested.
Neurocognitive Procedure
Patients completed the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV), the Wechsler Memory Scale-Fourth Edition (WMS-IV), and the Delis-Kaplan Executive Function System (D-KEFS), with rest breaks as needed. Forty-two patients completed the adult version of the WMS-IV, while 9 patients over the age of 69 years completed the older adult version of the WMS-IV, which does not provide the Visual Working Memory Index (VWMI).
Neurocognitive Measures
The D-KEFS measures various executive functions such as verbal fluency, inhibition, hypothesis testing, strategy use, and problem solving. The WAIS-IV measures both verbal and performance intelligence with a range of tasks that measure skills such as perceptual abilities and abstract reasoning. The WMS-IV is a battery of measures assessing anterograde memory. Participants are asked to recall either visually or verbally presented stimuli directly after each one is presented and then once more between 20 and 30 minutes later, thus measuring both immediate and delayed recall. The WAIS-IV was originally trialed on 2200 neurologically intact individuals to collect the normative test data. These individuals were between 16 and 90 years of age. The WAIS-IV was co-normed with the WMS-IV.
The WMS-IV was originally normed on 1400 of the same individuals who took the WAIS-IV, meaning the correlations between the WAIS-IV and WMS-IV could be evaluated to determine their relationships. The relatively high correlations between general intellectual abilities and memory allow the use of discrepancy analysis, wherein each person's IQ score provides an estimate of their memory abilities. 36 Each individual's obtained memory scores can then be compared to the estimated scores predicted by their Full Scale Intelligence Quotient (FSIQ). While there is not a completely linear relationship between FSIQ and memory, FSIQ is a better predictor of memory abilities than any other index. When used in group studies, this method reduces within-group variance because each individual is compared to their theoretical selves, allowing comparison of each group to their expected scores, not just to other groups.
The WAIS-IV and WMS-IV were counter-balanced so an equal number of patients in each group started the testing session with each test. This prevented fatigue from affecting the results of one test more than the other. The results of the D-KEFS were not compared to the other tests, so the D-KEFS was administered last. This ensured the minimum amount of data was lost if a participant chose to leave the research protocol early. The psychometrics took a total of 4 hours to complete. The resulting data were analyzed using SPSS version 23 (IBM SPSS Statistics for Windows, version 23.0, IBM Corp.). Statistical significance was deemed to have been achieved with a p value of less than 0.05.
Absolute impairment measures an individual's abilities in comparison to those of their age-matched peers. In contrast, relative impairment measures the discrepancy between each individual's memory function and that same individual's general intellectual functioning. Thus, the FSIQ of each patient was used to predict their memory scores using the following formula: achieved memory score -predicted memory score = discrepancy score. 36 This is called the "predicted difference method." It represents a more sensitive assessment of potential memory dysfunction. A negative discrepancy score indicates performance that is worse than expected and may indicate an acquired memory deficit. By predicting each individual's memory scores from their own general intellectual abilities, differences between groups that are a result of a baseline difference in general ability will have a reduced effect on the study results, by decreasing between-group variance.
To test for relative impairment within each group, the difference between each group's expected scores and their observed memory scores was compared to a score of 0 (no difference between observed and predicted scores) using a one-sample t-test.
The data were analyzed in four ways. Firstly, the whole group was analyzed to identify whether or not there was a consistent pattern of cognitive deficits across diagnoses and treatments. Secondly, patients with NFA were compared to patients with Cushing's disease to explore any potential additional impairment shown by the patients with Cushing's disease possibly attributable to their raised cortisol levels. Thirdly, patients treated with GKRS were compared to patients who were treated without the use of any form of radiosurgery or radiotherapy to examine any additional impairment in the patients treated with GKRS. Finally, where differences were found, we conducted a post hoc comparison between male and female patients.
Results
The demographic and treatment characteristics of the participants are shown in Table 1 . The characteristics were compared using independent samples t-tests. The groups did not differ significantly on any characteristic. No differences for age (t = 0.13, p ≥ 0.90) or the male/female ratio (p = 0.15, chi-square test) were found between the groups.
Intelligence
The mean FSIQ and index scores for each subgroup are shown in Table 2 . There were no significant differences between patients treated with or without GKRS (p ≥ 0.07) or between the patients with NFA and those with Cushing's disease (p ≥ 0.09). A one-sample t-test demonstrated that the mean FSIQ for the whole sample was significantly higher than the general population mean score of 100 (t = 3.37, p = 0.001).
Memory
The memory scores obtained by each subgroup are shown in Table 3 . The discrepancies between each patient's predicted memory scores and their achieved memory scores were compared to 0 (no discrepancy) and are shown in Table 4 .
The Visual Memory Index (VMI) discrepancy scores (t = -3.92, p < 0.001), Immediate Memory Index (IMI) discrepancy scores (t = -2.95, p = 0.005), and Delayed Memory Index (DMI) discrepancy scores (t = -2.57, p = 0.01) for the entire sample were significantly lower than the scores predicted by the patients' FSIQ. Therefore, the whole patient sample shows a consistent pattern of relative memory impairment. Both patients with NFA and patients treated with GKRS performed significantly worse than expected on the VMI, the IMI, and the DMI, and the patients treated with GKRS also scored below expected on the Auditory Memory Index (AMI). Patients treated without GKRS only scored below expected on the VMI. Every patient group scored as well as expected based on their FSIQ on the Visual Working Memory Index (VWMI). However, there were no significant differences in the memory scores between the patients with NFA and those with Cushing's disease (t ≤ 0.56, p ≥ 0.52), nor between the patients treated with and those treated without GKRS (t ≤ 1.32, p ≥ 0.19). Interestingly, there were also no differences in the memory or discrepancy scores between the eight patients who had not undergone surgery and the patients who had undergone surgery (t ≤ 1.35, p ≥ 0.19) or surgery and GKRS (t ≤ 1.346, p ≥ 0.16), except for the VWMI discrepancy scores, on which the surgically treated patients tended toward better performance than those treated without surgery or GKRS (t = 1.91, p = 0.07).
Post hoc analyses were conducted to explore other factors that could account for the significant discrepancies between predicted and achieved memory scores seen in some patients. There was no correlation between tumor size, either at the start of treatment (r ≤ 0.17, p ≥ 0.25) or at the point of cognitive testing (r ≤ 0.18, p ≥ 0.22), and any of the memory scores for the whole sample or for the NFA group, which contained the most patients who had undergone surgical intervention (20/26 patients). However, a significant difference was found between the male and female patients on the AMI discrepancy score, with men demonstrating greater discrepancies between their predicted and achieved scores than women (t = 2.51, p = 0.02).
There was also a trend toward significance for the DMI discrepancy score (t = 1.96, p = 0.06), with women achieving delayed memory scores that were more commensurate with their predicted scores than men. Finally, potential correlations between the memory discrepancy scores and hormone levels were investigated. Free T4 correlated with the VWMI discrepancy score. Patients with higher free T4 levels were more likely to achieve VWMI scores that were commensurate with the scores they were expected to attain, whereas patients with lower free T4 levels were more likely to achieve VWMI scores that were lower than expected (r = 0.31, p = 0.05).
However, the more notable correlation was between sex hormone-binding globulin (SHBG; measured in 20 male patients) and the memory index scores. Interestingly, SHBG strongly negatively correlated with the AMI (r = -0.49, p = 0.03), the VMI (r = -0.48, p = 0.03), the IMI (r = -0.51, p = 0.02), and the DMI (r = -0.52, p = 0.02). However, SHBG did not correlate with the memory discrepancy scores (p ≥ 0.17). This correlation was not replicated with free testosterone (r ≤ -0.13, p ≥ 0.56) or testosterone per se (r ≤ -0.31, p ≥ 0.16). In order to elucidate why SHBG could be negatively correlated with the memory index scores, but not the discrepancy scores, a further correlation between FSIQ and SHBG was tested, which showed a trend toward a significant negative correlation (r = -0.41, p = 0.08). 
Executive Functions
A one-sample t-test showed that the whole sample's scores were either commensurate with those of the general population or significantly better than those of the general population (t ≥ 1.43, p ≤ 0.16), and a similar pattern of results was found across all subgroups. Unsurprisingly, the executive functioning scores highly correlated with FSIQ (r ≥ 0.46, p ≤ 0.001), except for the Tower test, which only tended toward significance (r = 2.56, p = 0.07). There were no significant differences in the executive functioning scores between the patients with Cushing's disease and those with NFA (t ≤ 1.42, p ≥ 0.17), nor between the patients treated with and those treated without GKRS (t ≤
Discussion
This study compared the cognitive outcome of patients treated with or without GKRS for pituitary adenoma and found no impairment in general intellectual functioning, anterograde memory, or executive abilities compared to the normative data from gold-standard cognitive tests. These results are consistent with the findings in our previous pilot study. 34 We compared differences in neurocognitive function between appropriately powered cohorts treated with GKRS and those treated without GKRS for pituitary adenoma. The power analysis was based on our previous preliminary study. 34 Thus, although we did not have baseline neurocognitive function testing before intervention, we did have sufficient cohort sizes to detect differences in neurocognitive function as a result of differences in treatment modalities.
When using the more sensitive "predicted difference method" (discrepancy score) to assess memory functioning, the patient group scored worse than would be expected, given their FSIQs, on measures of both immediate and delayed memory, with greater deficits found for visually presented information than for verbally presented information. Patients treated with GKRS scored significantly below expected on measures of both immediate and delayed memory, whereas patients treated without GKRS did not. It should be noted, however, that a direct comparison of these two treatment groups did not show a significant difference, suggesting that if there is further acquired memory impairment post-GKRS, these differences are likely to be subtle in most cases.
Further analysis of relative memory impairment showed that tumor size at the time of surgery or at the time of testing was not correlated with memory abilities. Interestingly, a sex difference was found within the entire sample, with men demonstrating greater levels of relative memory impairment than women. This is the second study to find a sex difference in relative memory performance. When assessing a cohort of patients treated for NFA in the United Kingdom, Tooze 33 found that men were more likely to experience relative memory impairment than women, regardless of treatment type. Interestingly, patients treated for Cushing's disease did not perform significantly differently from the patients treated for NFA. They were more likely to achieve memory scores commensurate with their FSIQ. This result is counter to the current literature 12, 13, 29, 32 and may be a result of the lower number of men in the patient group with Cushing's disease.
Furthermore, when the correlation between memory scores and hormone levels was examined, SHBG negatively correlated with memory abilities. Due to a trend toward a further negative correlation between SHBG and FSIQ, the memory discrepancy scores were not correlated with SHBG. This means that higher SHGB is associated with lower bioavailability of testosterone, lower memory scores, and potentially lower general intellectual functioning. This correlation was not replicated with measures of testosterone.
Until recent years, few studies have examined the relationship between SHBG and cognition; instead, they more frequently explore the relationship between free testosterone and cognition, without reference to its bioavailability. However, studies that have examined the relationship between SHBG and cognition have found a fairly consistent negative relationship between memory and SHBG, both in large-scale population-based studies and smaller studies. 2, 7, 11, 31 The strongest correlations between SHBG and cognition are found in studies of dementia, where SHBG has been associated with an increased likelihood of developing Alzheimer's dementia and poorer cognitive scores in both men and women. 17, 20, 25, 37 Levels of SHBG have been linked to changes in the brain in men as they age. 10 However, while SHBG negatively correlated with all the main measures of memory in the present study, this result must be interpreted with caution. A correlation between SHBG and memory was not found in the previous United Kingdom study, despite the sex difference found (A. Tooze, personal communication, 2018) , and so this finding will need to be replicated before any causality can be inferred. Finally, the positive correlation between free T4 and working memory has been found elsewhere and is thought to be related to the frontoparietal network. 30, 39 There are several potential reasons patients with pituitary adenoma can experience cognitive dysfunction; principally, these are mass effect of tumor, treatment, hormone dysfunction, and/or nonorganic reasons such as health anxiety. This study supports the hypothesis that hormone dysfunction is the principal cause of cognitive deficits found. We did not find a correlation between cognitive abilities and tumor size, either at diagnosis or at the time of assessment, thus refuting the hypothesis that mass effect is deleterious to cognition. Secondly, we did not find a difference between the small number of patients treated without surgery, those treated with surgery, and those treated with both surgery and GKRS, suggesting that treatment itself is not a primary cause of cognitive change, although the small number of patients treated without surgery means that this result must be handled with caution. Thirdly, given that all patients were at least 6 months posttreatment and that most were several years posttreatment, they would be expected to have had sufficient time to come to terms with their diagnosis and treatment. Thus, it would be unlikely that large numbers of these patients would demonstrate cognitive impairment due to health anxiety so long after diagnosis and treatment. Finally, the correlation between SHBG and memory abilities, potentially resulting in the sex difference found, would suggest hormone dys-function as the most likely reason for these results. These results suggest that, when counseling patients, clinicians should take concerns about cognition seriously, especially as there can be marked variability in acquired dysfunction within this patient group. However, clinicians should also feel confident in reassuring patients that treatment does not, on average, appear to significantly worsen any existing cognitive decline. Notably, this study highlights the importance of the endocrinologist within the clinical team.
Further studies assessing cognitive changes in this patient group are still needed. There are some flaws and omissions in the previous literature, potentially contributing to the variance in results reported. Differing control groups have been used across studies. Some have used a small control group of neurologically intact individuals, 15, 16, 26, 27 whereas others have compared their cohort to a group of patients with a different chronic condition. 8, 14, 21 Few studies have compared patient groups to standardized test norms. 4, 15, 24 Most studies have used limited comparisons of absolute impairment (i.e., patient performance on tasks of memory). This method can be insensitive as within-group variation is likely to be substantial in comparison to the between-group variation attributable to treatment effects. The current study has highlighted the importance of using sensitive measures of relative impairment when assessing this patient group to capture potential acquired deficits, especially in patients with above-average intelligence. The higher premorbid cognitive baseline of these patients can mask subtle acquired deficits. Our study is cross-sectional, and future longitudinal studies performing cognitive testing before and after treatment would be advantageous. Analysis of potential sex differences and whether SHBG has a role in acquired deficits in this patient group would also be welcomed.
Conclusions
Functioning and nonfunctioning pituitary adenoma patients often demonstrate some degree of impairment in anterograde memory; however, GKRS did not lead to demonstrable effects regarding immediate or delayed memory for pituitary adenoma patients. The assessment of cognitive function of pituitary adenoma patients is important in their longitudinal care.
